Abstract
Introduction

36
Muscle fascicle curvature is an important architectural parameter related to the muscle 37 function and is important to balance the pressures developed by the aponeuroses, to maintain the 38 mechanical stability of the muscle (20, 23, 32, 33) . Muscle fascicles curve around regions of 39 high intramuscular pressure, and thus curve more at greater contraction levels (29) (30) (31) (32) 35) . Linear 40 approximations of fascicles consider that their contribution to muscle force is the product of the 41 fascicle force and the cosine of the angle of attachment to the aponeurosis (4, 27), and there 42 would be no pressure differential across the fascicle. However, when the fascicles curve (31, 32) 43 part of their tension contributes to the pressure development on the concave side of the curve (7). 44
Most experimental measures of fascicle properties have assumed the fascicles to be 45 straight; both in animal studies where fascicles can be measured as the distance between 46 sonomicrometry crystals implanted in the muscle (8, 14) , and from non-invasive studies using 47 ultrasound in man, where fascicles are commonly digitized by a point at their proximal and distal 48 ends (12, 17, 22, 34) . However, it has been known for many years that curved trajectories have a 49 functional importance. Early work in axial muscle in fish suggested that the helical arrangement 50 of the fast-twitch muscle fibres allowed them to shorten at a more uniform and slower velocity 51 than if they were arranged parallel to the spine (2, 28), and it was subsequently shown that this 52 allowed the muscle fibres to be used in a mechanically appropriate manner (2, 28) . 53 2D modelling studies of pennate muscle showed that muscle fascicles have to take on 54 curved paths in order to establish mechanical stability within the muscle, and also hinted that the 55 curvature should extend into 3D (23, 31, 32) . A number of studies have quantified curvature 56 from 2D ultrasound images in man (20, 21, 33, 35) : it has been shown that 2D curvatures 57 increase at higher contractile levels and shorter muscle lengths (19) and it has also been shown 58 that fascicles can appear as S-shaped structures within these 2D images (20, 33) . 2D ultrasound 59 captures the muscles architecture in the 2D scanning plane of the probe, and, cannot capture the 60 orientations at every pixel in the image plane were combined with the 3D position and 114 orientation of the ultrasound scanning plane in order to obtain the local 3D fascicle orientation 115 corresponding to the respective pixels in 3D. 116
The muscle volume was divided into voxels of 5×5×5 mm 3 and then a representative 117 fascicle orientation was chosen for each voxel. The representative orientation in a voxel was 118 obtained from the weighted mean of the orientations from all the pixels in that voxel (24, 26) . 119
The weights were based on the convolution values obtained from the wavelet analysis for a 120 particular pixel and the distance of the pixel from the center of the voxel. The weight function for 121 the convolution ( ) and for the distance ( ) were given by 122 
where is the convolution value at a particular pixel, 0 is the maximum 123 convolution value over all the trials for a subject, { , , } is the 3D location of the pixel center, 124 { 0 , 0 , 0 } is the voxel center and is the spread of an isotropic Gaussian distribution and was 125 chosen to be 2.5 mm in this case (half-width of the isotropic voxel). 126
The orientations of fascicle sheets were represented by the normals to local regions 127 within those sheets. Ultrasound images represent fascicle planes when the fascicles appear as 128 long continuous curvilinear structures in an image (3, 13, 14, 16 ). An image with a continuous 129 fascicular structure gives a high convolution number during the wavelet analysis (25). This 130 quantity was used to select the fascicle plane orientation in each voxel (24, 26) . Analogous to the 131 fascicle orientation, the representative orientation for each voxel was obtained as the weighted 132 mean of the orientation of the normals to the fascicle planes lying in that region, with the 133 convolution value being the weighting factor. 134
Determination of muscle-based coordinate system 135
Muscle architecture properties were represented in the muscle based coordinate system 136 (24) in order to compare between different trials and subjects. Three orthogonal axes x, y and z 137 were determined for the gastrocnemius muscles using eigenvalue decomposition of the points 138 inside the muscle volume. The major axes correspond to the major anatomical axes of the 139 muscle: the z-axis is the major (longitudinal) axis of the muscle, the y-axis lies across the width 140 of the muscle (medial-lateral axis) and the x-axis lies across the depth (deep-superficial axis) of 141 the muscle. The origin of the muscle coordinate system was set at the mean point in the muscle. 142
Due to the semi-cylindrical shape of the soleus (1), a different coordinate system was used with 143 its z-axis as the vector joining the mean co-ordinate of the knee joint centers with the mean co-144 ordinate of the distal muscle-tendon junction markers, the y-axis along the width of the muscle 145 and the x-axis along the depth of the muscle. The origin of the soleus was taken to be 60% of the 146 total distance between the knee and the muscle tendon junction from the knee because this 147 approximated the centre of the muscle. 148
Determination of 3D fascicle curvature 149
The trajectories of fascicle segments were tracked using the Fibre Assignment by 150
Continuous Tracking (FACT) approach such that fascicle segments would be propagated on a 151 continuous coordinate system (11, 18) . Tracking started from the center p 0 of a particular voxel 152 v 0 in the direction of the fascicle orientation at v 0 to obtain a point p 1 in voxel v 1 at a distance of 9 153 mm from p 0 (the point p 1 may not lie at the center of a voxel). At p 1 , the tracking direction was 154 changed to match the fascicle orientation in the voxel v 1 and the same procedure was repeated to 155 obtain a third point p 2 in voxel v 2 (figure 1). These local trajectories were defined by the 156 coordinates of the points p 0 , p 1 and p 2 , and were equivalent to 18 mm of length. The greatest 157 distance between the centers of any two adjacent voxels was 8.67 mm, and so the tracked 158 segment length was chosen to be 9 mm to ensure that adjacent points were obtained in separate 159 voxels. The voxel size was based on the size of the wavelets used to calculate the local 160 orientations in the 2D image (25). Wavelet kernels were 39×39 pixels (equivalent to 6.09×6.09 161 mm), however the intensity of the wavelets in the kernels fell to zero close to the edges (25) so 162 the chosen voxel size of 5×5×5 mm was appropriate.
The coordinates of the points p 0 , p 1 and p 2 were parameterized to create a second order 164 parametric function in 3D, ( ).The curvature κ c for the fascicle at the location p 1 in the middle 165 of the tracked fascicle segment was calculated using the Frenet-Serret formula (30): 166
here ( ) is a representation of the position vector of the fascicle trajectory in the 167
Euclidean space as a function of pixel location (i.e. ( ) = { ( ), ( ), ( )} and ( ) and 168 ( ) were the first and second derivatives of this function with respect to the arc-length 169 parameter of the curve. The normal to the curve ( ( )) was obtained as 170
where ( ) is a 3D unit vector, and was represented in spherical coordinates by its polar angle 171 Intra-class correlation (ICC) was performed to assess the reliability of the results. For one 175 trial a set of 602 ultrasound frames had originally been used to calculate the fascicle curvatures. 176
Ten (10) randomly selected subsets of images containing 552, 502, 452, 402, 352, 302, 252, 202, 177 152, 102 images were additionally used to calculate the 3D curvatures. For each subset the 178 muscle voxel grid was constructed as for the original trial. The whole muscle volume was 179 divided in 27 sub-regions with three equal divisions along the three axes of the muscle. The 180 mean curvature was calculated in each region. The ICC coefficient was computed to compare all 181 the subsets with the original set of 602 images using a crossed model (JMP Pro 10.00 software, 182
Cary, NC), with two factors, the image subset (as group) and the muscle region (as ID). The ICC 183 coefficient was obtained for the group and the interaction between group and muscle region
Determination of fascicle sheet curvature 185
In 2D ultrasound and modeling studies, the fascicles are assumed to be arranged in planes 186 (13, 15, 17, 19, 21-23, 31, 32) . However, due to the shape of the muscle, the fascicles may not be 187 arranged in planes, rather they may exist in curved sheets (29 (denoted ) chosen to be inversely proportional to the distance between voxel centers and the z 204 = 0 plane. Gaussian interpolation function used was same as the equation (2), and the spread of 205 the was chosen to be 0.7 mm. 206
The intersections of the fascicle sheets in the transverse plane (z = 0) were tracked using 207 methods similar to those described for determining the fascicle sheet curvature. The edges of 208 fascicle sheets were not long enough to obtain a considerable number of segments obtained by 209 three-point tracking (as for fascicles) and were tracked until the aponeurosis was reached. The 210 tracked points were obtained at a distance of 5 mm from the initial point in the direction of the 211 local fascicle plane orientation at the initial point. The local orientation at each subsequent point 212 was calculated as the weighted average of the orientation of neighbouring voxels. In order to 213 quantify the curvature of the fascicle sheets, seed points were selected halfway along the depth of 214 the muscle (x = 0) and fascicle sheet intersections were tracked in both directions from the seed 215 point towards the aponeuroses and the value of the curvature was reported at the middle of the 216 tracked fascicle sheet. The magnitude and direction of the curvatures were calculated by using 217 the Frenet-Serret formula. Since these measurements were made in 2D in the transverse plane, 218 the fascicle sheet curvature was reported by its magnitude ( fsc ) and azimuthal angle of the 219 normal to the curve (φ fsc ). The azimuthal angle was calculated relative to the x-axis of the muscle 220 based co-ordinate system i.e. the deep-superficial axis of the muscle. 221
Statistical Analysis 222
A least square model analysis of variance (ANOVA) was used to tests the effect of 223 muscle region, ankle angle and torque on the fascicle curvatures and fascicle sheet curvatures. 224
Each muscle was divided into the following region to test the regionalization of the fascicle 225 curvatures: three along the length of the muscle (z-axis): proximal, central and distal; two along 226 the depth of the muscle (x-axis): deep and superficial; and two along the width of the muscle (y-227 axis): medial and lateral (24). Fascicle curvatures and the polar and azimuthal angles of their 228 normals were the dependent variables, and subject identity, muscle region (described in terms of 229 length, depth and width of the muscle), ankle angle and torque were independent variables. 230
Subject identity was set as a nominal random factor and all other independent variables as 231 ordinal fixed factors. 232
Fascicle sheet curvatures were obtained for the transverse plane at z = 0 and the 233 transverse plane was divided into medial and lateral regions to test the regional differences in 234 fascicle sheet curvature. Fascicle sheet curvature and azimuthal angle were the dependent 235 variables, subject identity (random), muscle region, ankle angle and torque were factors. Subject 236 identity was assigned random variable and all other independent variables as the fixed factors. 237
Results
238
The fascicle curvatures and fascicle sheet curvatures were obtained for the triceps surae 239 muscles at different ankle torques and ankle angles. Tables 2 and 3 . 249
Fascicle curvature 250
The results from reliability analysis for fascicle curvature using ICC analysis are shown 251 in Table 1 . The ICC coefficient without interaction terms was 1 for all the subsets; the ICC 252 coefficient with interaction was greater than 0.7 for image groups containing 352 images or 253 more, indicating the reliability over subsampling of the images. The interaction between the 254 muscle region and groups is because the voxels on the extreme ends of the muscle will be more 255 susceptible to the subsampling of images. 256
In LG there was a significant effect (p<0.01) of the ankle angle, torque level, and muscle 257 region along the length and depth on ĸ c , but there was no significant effect of the muscle depth. 258
There was significant effect (p<0.01) of ankle angle and all muscle regions on both β c and φ c , but 259 the effect of torque level was not significant. The largest regional variations in curvature 260 magnitude were along the length of the muscles, and had a lower ĸ c (3.50 m -1 ) in the central 261 region, than the proximal (4.81 m -1 ) and distal ends (4.34 m -1 ). The φ c values show that the 262 curves were facing the medial side in the proximal (φ c <180°) LG and the lateral side (φ c >180°) 263 in the distal LG (Table 2) . 264
In MG there was a significant effect (p<0.01) of ankle angle, torque level and muscle 265 region along length, depth and width on ĸ c , β c and φ c . In MG, the largest variations in ĸ c were 266 along the length and width of the muscle. ĸ c increased from the medial to the lateral sides from 267 3.93 m -1 to 4.99 m -1 , increased from proximal end (3.93 m -1 ) to the distal end (4.66 m -1 ) of 268 muscle. φ c was greater than 180° across the whole muscle indicating that the curves were facing 269 the lateral side (Table 2) . 270
In Soleus there was a significant effect (p<0.01) of ankle angle, torque level and muscle 271 region along length, depth and width on ĸ c and φ c . There was a significant effect of ankle angle 272 and muscle level on β c , but the effect of torque level was not significant. In soleus, the largest 273 variations in ĸ c were along the length of the muscle. ĸ c decreased slightly from the proximal end 274 (Table  278 2). 279
The curvatures increased with increase in ankle torque in all three muscles (Table 3 ). The 280 general trend for ankle angles across the three muscles was a decrease in the ĸ c with increase in 281 ankle angle from -15° to 0° followed by an increase in ĸ c at greater ankle angles (Table 3) . β c 282 changed significantly but with very small magnitude (less than 1° in each muscle). The changes 283 in φ c with change in ankle angle and torque were small compared to that obtained across the 284 muscle regions (Tables 2-3) . 285
Fascicle sheet curvature 286
The fascicle sheet curvatures were represented by curvature magnitude (ĸ fsc ) and 287 direction (φ fsc ). There was a significant effect of muscle region and ankle angle on fascicle sheet 288 curvatures (ĸ fsc ) in all three muscles. However, the effect of ankle torque was not significant. 289
In LG there was significant effect (p<0.05) of muscle region and ankle angle on ĸ fsc , but 290 the torque level did not have a significant effect. There was a significant effect of muscle region 291 on the φ fsc , but no effect of ankle angle and torque level. ĸ fsc increased from the medial to the 292 lateral side and increased with increase in ankle angle (Table 3 ). In MG there was a significant 293 effect (p<0.05) of muscle region and ankle angle on ĸ fsc , but the torque level did not have a 294 significant effect. There was a significant effect (p<0.05) of ankle angle and torque level on φ fsc 295 but the effect of muscle region was not significant. ĸ fsc decreased from the medial to the lateral 296 side and increased with increase in ankle angle (Table 3) . In soleus the effect if ankle angle, 297 torque level and muscle region was not significant on ĸ fsc . Muscle region had a significant effect 298 on φ fsc , but the effect of ankle angle and toque level was not significant. 299
Discussion
300
This is the first time that the 3D fascicle curvatures and fascicle sheet curvatures have 301 been quantified in a muscle contracting at different muscle lengths and torques. The ICC analysis 302 performed over subsampled images confirmed reliability of the curvature magnitudes (Table 1) . 303 The methods used to determine the 3D curvature in this study are similar to the ones used 309 in our 2D study (21), however these 3D curvatures are smaller than those reported for the 2D 310 studies (21, 33). This difference occurs for a number of reasons: the 2D studies contracted to 311 greater levels of effort (100 % MVC) where greater intramuscular pressure and fascicle 312 curvatures would be expected, and additionally used externally applied compressive bandages 313 that again increase the intramuscular pressure. Further, the greatest curvatures reported from the 314 2D studies were measured from the superficial and deep layers of the muscle. The methods used 315 for this 3D study involved 18 mm segments for the feature tracking. This 18 mm segment length 316 was based on the voxel size (5×5×5 mm) in the 3D voxel grids and the segment was extended 317 between points that occurred in different voxels. The voxel size was, in turn, based on the 318 wavelet kernel size (39×39 pixels equivalent to 6×6 mm) as described in our previous papers 319 (25, 26) . By contrast, the 2D studies (21, 33) were able to use shorter (7 mm) segment lengths for 320 the feature tracking, based on the same 2D wavelet kernels, and so could determine fascicle 321 curvatures closer to the aponeuroses where the curvatures were greatest (21, 33). 322
The resting curvature values from MG reported here (mean 4.56±0.02 m -1 ) are greater 323 those reported in a previous study that used manual digitization methods (mean 0.53 m -1 ; (20)). 324
This may be because this previous study determined the curvature for one fascicle in each image 325 and assumed a uniform curvature across the fascicle; however, our results show that the 326 curvatures are regionalized in the muscles ( Figure 6 , Table 2 increasing with the increase in the curvature (9, 31). Thus, the fascicle curvature can be used to 338 predict the changes in intramuscular pressure between different contraction states and the 339 distribution of intramuscular pressure in a muscle. 340
Fascicle curvatures increase with increase contraction from 0% to 60% MVC (Table 3)  341 indicating an increase in intramuscular pressure at greater contraction levels (29, 31). The 342 orientations of the normals to the fascicle curves indicate a greater intramuscular pressure in the 343 deeper regions of muscles, and this supports previous modelling studies (31, 32). There were no 344 distinct medial-lateral differences in the orientation of the normals to the fascicle curves in the 345 gastrocnemii muscles. By contrast, the soleus had the curves facing the midline sagittal plane of 346 the muscle, leading to a region of greater intramuscular pressure. This greater intramuscularpressure may be around the median septum in soleus, dividing it into medial and lateral regions 348 
Fascicle sheet curvature 365
The fascicle sheets were curved and the curvatures of the fascicle sheets in the transverse 366 plane face the medial side of the muscle (values close to 90°; Table 3 ). There was a small 367 increase in the fascicle curvatures with the increase in torque but this was not observed in the 368 fascicle sheet curvatures. The increase in curvature of the fascicle sheets in the transverse plane 369 indicates a change in the relative arrangement of the fascicles with increases in contraction level. 370
The triceps surae muscles surround deeper muscles and bones that may constrain the increase in 371 the fascicle sheet curvatures. The curved nature of the fascicle sheets that we have observed can 372 alter the perceived values of fascicle curvatures that would be calculated in 2D studies. 373
Comparison with the 2D study on curvatures 374
In 2D architectural studies the curvatures can only be considered in the longitudinal plane 375 of the muscle, however, it has been suggested in that in long muscles the curvatures is expected 376 to be relatively small in the longitudinal plane but larger in the transverse planes ((31)) This 3D 377 study has enabled us to detect details in the fascicle curvature that were not detectable from our 378 previous 2D studies (33) and thus allows us to make more detailed interpretations of the results. 379 S-shaped fascicles were reported from the 2D studies (33) with a positive curvature at the 380 superficial regions (concave side facing the deep aponeurosis), negative curvature in the deep 381 region (concave side facing the superficial aponeurosis) and relatively straight fascicles in the 382 middle region of the muscle. If such S-shapes fascicles were curved in 3D this would be 383 reflected in the values of φ c spanning different quadrants between the deep and superficial 384 regions, but this was not the case (Table 2) . 385
This difference from the 2D study can be explained by considering curved fascicles lying 386 on a curved sheet as was found in this study. A 2D ultrasound image represents a section of a 3D 387 entity in a 2D plane, the local orientation of the 3D entity in the image plane is the orientation of 388 the projection of the 3D entity in the 2D plane (24). In order to visualize this phenomenon a 389 curved line can be considered on a curved surface (figure 7) and viewed from different 390 projection angles in order to compare with the 2D images (figure 8). In this case only one 391 fascicle was projected from different angles whereas in an actual image different regions of the 392 image will contain projections of fascicles from different regions of the muscle. 393
The panels in figure 8 were drawn for slightly exaggerated curvatures than the values 394 obtained in this study in order to enhance the visualization, and clearly demonstrate that the 395 existence of curved fascicle sheets change the perceived curvature of the fascicles based on the 396 viewpoints of the muscle (figure 8). The view points were changed to replicate the effect of 397 rotating an ultrasound probe over the leg surface as is typically done to get a good muscle image 398 (13, 17) . Different curvatures would be visualized for a straight fascicle on a curved sheet from a 399 rotated view point compared to the front view (figure 8 C, D) and S-shaped fascicle projections 400 can be visualized for a curved fascicles on a curved sheets ( figure 8 G, H) . Further, the 2D study 401 (33) reported an increase in the S-shape of the fascicles at higher muscle forces; this may be 402 LG MG Soleus
